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BACKGROUND: Perfluoroalkyl substances (PFASs) are synthetic chemicals that may persist in the
environment and in humans. There is a possible association between early-life PFAS exposure and
metabolic dysfunction in later life, but data are limited.

METHODS: We studied 665 mother—child pairs in Project Viva, a Boston, Massachusetts-area
cohort recruited 1999-2002. We quantified concentrations of PFASs [perfluorooctanoate (PFOA),
perfluorooctane sulfonate (PFOS), perfluorononanoate (PFNA), perfluorohexane sulfonate
(PFHXxS), and perfluorodecanoate (PFDeA)] in maternal plasma collected at the first prenatal visit
(median, 9.6 weeks gestation) and in child plasma from the mid-childhood research visit (median,
7.7 years). We assessed leptin, adiponectin, and homeostatic model assessment of insulin resistance
(HOMA-IR) in mid-childhood. We fit covariate-adjusted linear regression models and conducted
stratified analyses by child sex.

ResuLTs: Children with higher PFAS concentrations had lower HOMA-IR [e.g., —10.1% (95% CI:
—17.3, —2.3) per interquartile range increment in PFOA]. This inverse association between
child PFAS and HOMA-IR was more pronounced in females [e.g., PFOA: —15.6% (95% CI:
-25.4, —4.6) vs. =6.1% (95% CI: -16.2, 5.2) for males]. Child PFAS plasma concentrations were
not associated with leptin or adiponectin. Prenatal PFAS plasma concentrations were not associated
with leptin, adiponectin, or HOMA-IR in offspring.

CONCLUSIONS: We found no evidence for an adverse effect of early-life PFAS exposure on meta-
bolic function in mid-childhood. In fact, children with higher PFAS concentrations had lower
insulin resistance.
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Introduction

Perfluoroalkyl substances (PFASs) are
synthetically produced compounds used as
additives in clothing, furniture, carpets, and
cookware to make the items nonstick and
stain repellant (Lindstrom et al. 2011). Long-
chain PFASs persist in the environment and
in humans with a half-life of 3—5 years (Olsen
et al. 2007). Also, several PFASs are ubiqui-
tous and detectable in varying concentrations
in almost all U.S. children and adults (Calafat
etal. 2007; CDC 2015).

PFASs have structural homology with
fatty acids and may have endocrine-disrupting
properties. A growing body of literature
suggests that PFAS exposure may contribute
to metabolic dysfunction (Audouze et al.
2013; U.S. EPA 2013) through up-regulation
of fatty acid oxidation pathways (Guruge et al.
2006; Hu et al. 2005) and concomitantly
increased oxidative stress (Karpe et al. 2011).
However, PFASs also function as peroxi-
some proliferator—activated receptor (PPAR)
agonists (Vanden Heuvel et al. 2006), which
would be expected to improve, rather than
exacerbate, insulin resistance.
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The epidemiologic literature is in line
with these conflicting mechanisms of action.
Some (Lin et al. 2009; Lind et al. 2014;
Timmermann et al. 2014) but not all (Fisher
et al. 2013; MacNeil et al. 2009; Nelson et al.
2010) cross-sectional studies have linked
PFAS burden with insulin resistance in
adults and children. PFASs cross the placenta
(Inoue et al. 2004); and in rodent models
(Hines et al. 2009; Lv et al. 2013) and one
prospective, population-based cohort study
(Halldorsson et al. 2012), prenatally exposed
offspring had greater metabolic dysfunction
in adulthood. Thus, the relationship between
PFASs and metabolic risk remains unclear.

In the present analysis, we evaluated
the extent to which PFAS concentrations
in prenatal and mid-childhood plasma were
associated with biochemical markers of meta-
bolic function in children from a Boston,
Massachusetts-area birth cohort. Based on
the existing literature linking prenatal PFAS
exposure with adverse metabolic profiles, we
hypothesized that higher prenatal and mid-
childhood plasma PFAS concentrations would
be associated with metabolic dysfunction, as
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manifest by higher leptin, lower adiponectin,
and higher homeostatic model assessment of
insulin resistance (HOMA-IR), in children.

Methods
Study Population and Design

Pregnant women were recruited to Project
Viva, a prospective cohort study of prenatal
exposures and offspring health, from 1999
through 2002 during their first prenatal
visit (median, 10 weeks gestation) at Atrius
Harvard Vanguard Medical Associates,
a multi-specialty group practice in Eastern
Massachusetts (Oken et al. 2015). Of 2,128
live singleton offspring, 1,116 (52.4%)

Address correspondence to A.F. Fleisch, Pediatric
Endocrinology and Diabetes, Maine Medical Center;
Center for Outcomes Research and Evaluation,
Maine Medical Center Research Institute, 509 Forest
Ave., Portland, ME 04101 USA. Telephone: 207-
661-7602. E-mail: afleisch@mmc.org

Supplemental Material is available online (hetp://
dx.doi.org/10.1289/EHP303).

We acknowledge K. Kato, A. Patel, and T. Jia for
technical assistance in measuring the PFASs. We also
thank D. Valvi for helpful discussions and L. Rokoff
for assistance with statistical analysis, data entry, and
manuscript formatting.

The authors have received support from the
National Institutes of Health (RO1IES021447,
R37HD034568, K12DK094721, K23ES024803,
K24HD069408, and P30DK092924).

The findings and conclusions in this report are
those of the authors and do not necessarily repre-
sent the official position of the Centers for Disease
Control and Prevention (CDC). Use of trade names
is for identification only and does not imply endorse-
ment by the CDC, the Public Health Service, or the
U.S. Department of Health and Human Services.

M.W.G. receives royalties from Maternal Obesity
(Gillman MW, Poston L. Maternal Obesity. New
York:Cambridge University Press, 2012). The other
authors declare they have no actual or potential com-
peting financial interests.

Received: 2 April 2016; Revised: 29 June 2016;
Accepted: 29 July 2016; Published: 2 September 2016.

Note to readers with disabilities: £HP strives
to ensure that all journal content is accessible to all
readers. However, some figures and Supplemental
Material published in EHP articles may not conform to
508 standards due to the complexity of the information
being presented. If you need assistance accessing journal
content, please contact chponline@nichs.nih.gov.
Our staff will work with you to assess and meet your
accessibility needs within 3 working days.

481



http://ehp.niehs.nih.gov/accessibility/
mailto:ehponline%40niehs.nih.gov?subject=

Fleisch et al.

children attended a mid-childhood follow-
up visit (median age, 7.7 years), and 667
(31.3%) had a blood draw during that visit
with measurement of at least one metabolic
biomarker. Of these 667 children, 665
(99.7%) had PFAS measurements (536 with
PFASs measured in 1999-2002 maternal
plasma and 643 with PFASs measured in
2007-2010 child plasma) (see Figure S1).
Mothers of children included in these analyses
(n = 665) versus those excluded (z = 1,463)
were more likely to be multiparous, have
lower plasma PFAS concentrations, and
were more likely to live in a census tract with
lower median household income and higher
percent below poverty. Their children were
more likely to be black or other race/ethnicity
(see Table S1).

We obtained written informed consent
from mothers at each study visit and child
verbal assent at the mid-childhood visit.
Institutional review boards of participating
institutions approved the study. The involve-
ment of the Centers for Disease Control and
Prevention (CDC) did not constitute engage-
ment in human subject research.

Exposure and Outcome
Measurements

We measured concentrations of perfluoro-
octanoate (PFOA), perfluorooctane sulfonate
(PFOS), perfluorononanoate (PFNA), perflu-
orohexane sulfonate (PFHxS), and perfluo-
rodecanoate (PFDeA) in plasma collected
from mothers in early pregnancy [median
(interquartile range; IQR) 9.6 (2.1) weeks
gestation] and children in mid-childhood
[median (IQR), 7.7 (1.0) years of age], as
previously described (Sagiv et al. 2015). Staff
at the Division of Laboratory Sciences at
the CDC (Atlanta, GA) quantified PFASs
using on-line solid-phase extraction coupled
to isotope dilution high performance liquid
chromatography mass spectrometry. We
measured total concentrations of each PFAS
in prenatal plasma in 2013. Subsequently,
studies linked specific PFAS isomers to health
outcomes (Jiang et al. 2014; Yu et al. 2015).
Thus, when we measured PFAS concentra-
tions in mid-childhood plasma in 2015, we
separately measured linear and branched
isomers of PFOA [n-PFOA and the sum of
perfluoromethylheptanoic and perfluorodi-
methylhexanoic acids (Sb-PFOA)] and PFOS
[n-PFOS, sum of perfluoromethylheptane
sulfonates (Sm-PFOS), and sum of perfluoro-
dimethylhexane sulfonates (Sm2-PFOS)]
which we summed to obtain total PFOA and
PFOS concentrations. The limit of detection
(LOD) was 0.1 ng/mL for all PFASs except
for PFOS concentration in prenatal plasma
(LOD = 0.2 ng/mL). We replaced values
below the LOD with the LOD divided by the

square root of 2.
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We assessed metabolic function in mid-
childhood through serum concentrations
of leptin (marker of adiposity) and adipo-
nectin (increases insulin sensitivity and
decreases body weight) (Tilg and Moschen
2006) which we measured by radioim-
munoassay (Linco Research, St. Charles,
MO). We measured fasting insulin with
an electrochemiluminescence immuno-
assay (Roche Diagnostics, Indianapolis,
IN) and fasting glucose enzymatically.
We estimated insulin resistance by calcu-
lating the HOMA-IR as [fasting glucose
(mg/dL) x fasting insulin (mU/L))/405].

Covariates

We collected data on maternal age, parity,
smoking habits, education, partner educa-
tion, household income, and marital status
using questionnaires at study enrollment.
We also assessed maternal glomerular filtra-
tion rate (GFR) and plasma volume expan-
sion which increase during pregnancy and are
associated with lower PFAS plasma concentra-
tions. To calculate GFR (mL/min/1.73 m?),
we measured creatinine in the same prenatal
blood samples used for quantification of
PFASs and used the Cockroft-Gault formula
[GFR-CG = (140-age) x weight (kg) x 1.04/
serum creatinine (pmol/L)] (Cockeroft and
Gault 1976). To assess maternal plasma volume
expansion, we 4) recorded the week of gestation
during which the prenatal plasma sample was
obtained, and 4) measured plasma albumin
in the same prenatal blood samples used for
PFAS quantification. Albumin, in addition to
being an indicator for plasma volume expan-
sion during pregnancy, is also a major PFAS
binding protein (D’eon et al. 2010) and can be
modeled in the same way as lipids in analyses of
lipophilic compounds, such as organochlorines
(Gaskins and Schisterman 2009).

We abstracted infant sex and date of
delivery from medical records. We collected
data on child race/ethnicity, breastfeeding
duration, fast food intake, soda intake, physical
activity, screen time, passive smoke exposure,
and household income using questionnaires
during childhood. We obtained median annual
household income and percent of households
below the poverty threshold for the mother’s
residential census tract at the time of enroll-
ment and in mid-childhood from 2000 U.S.
Census data (U.S. Census Bureau 2000).

Statistical Analyses

In linear regression analyses, we examined asso-
ciations of prenatal and mid-childhood PFAS
plasma concentrations with leptin, adipo-
nectin, and HOMA-IR in mid-childhood. We
a priori decided to only consider PFASs with
> 65% of detectable values, which included
each PFAS (PFOA, PFOS, PFNA, PFHxS,
and PFDeA) at each time point (prenatal and

childhood), except for prenatal plasma PFDeA
(43.5% detectable values).

We In-transformed serum concentrations
of leptin, adiponectin, and HOMA-IR to
meet model assumptions. For ease of inter-
pretation, we exponentiated regression coefli-
cients and reported results as a percent change
[% change = (exp(beta) — 1) X 100].

We expressed continuous associations
per IQR increment in exposure. To evaluate
nonlinearity and assess outlier influence, we
modeled PFAS concentrations in quartiles and
fit penalized spline generalized additive models.

We accounted for covariates potentially
associated with PFAS plasma concentration
(Sagiv et al. 2015) and/or metabolic function
(Kimbro et al. 2007; Perng et al. 2014) in
all of our final models. These covariates
included maternal age at enrollment (contin-
uous), maternal education (with or without
college degree), child age at mid-childhood
visit (continuous), child sex (dichotomous),
child race/ethnicity (white, black, Asian,
Hispanic, other), census-tract median house-
hold income (continuous), and census-tract
percent below poverty (continuous). In
analyses of prenatal PFASs, we additionally
accounted for parity (nulliparous or multipa-
rous), maternal smoking habits (smoked
during pregnancy, formerly smoked, never
smoked), and week of gestation of PFAS
measurement, because these covariates are
potentially related to prenatal but not mid-
childhood PFAS plasma concentrations. In
all analyses, we substituted maternal race/
ethnicity for child race/ethnicity for the 10%
of participants missing data on this covariate,
which resulted in > 99% of participants
having race/ethnicity data.

We considered but did not include several
variables in our final models that did not
confound the exposure—outcome relationship
(i.e., the estimate for the primary exposure
changed by < 10%) or did not importantly
change the results. These variables included
maternal breastfeeding duration, marital status,
and serum albumin and GFR (in analyses of
prenatal PFASs), household income, partner
education, and child fast-food intake, soda
intake, physical activity, screen time, and
passive smoke exposure (in analyses of child
PFASs). We performed complete case analyses
excluding those with missing covariates,
because complete covariate information was
available for 98% of participants with available
exposure/outcome data.

Because prior studies have shown more
pronounced associations between early-life
PFAS exposure and insulin resistance in
females (Halldorsson et al. 2012), we assessed
for effect modification by child sex, via an
interaction term and stratification.

To further investigate the inverse
association between child PFAS plasma
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concentrations and HOMA-IR, we included
all PFASs (PFOA, PFOS, PFNA, PFHxS,
and PFDeA) in the same covariate-adjusted
model. Because insulin resistance increases
during puberty (Vryonidou et al. 2015), we
restricted to prepubertal participants (70%
of full cohort) which allowed us to evaluate
whether a PFAS-delayed puberty association
(Lopez-Espinosa et al. 2011) was driving
the inverse association between child PFAS
plasma concentration and HOMA-IR. We
considered participants to be prepubertal if
their parents reported absence of body hair
growth (boys and girls), voice deepening
(boys), facial hair growth (boys), and breast
development (girls) [i.e., a subset of vali-
dated pubertal development scale questions
(Carskadon and Acebo 1993)].

In a final sensitivity analysis, we examined
the extent to which different isomers of PFAS
were associated with childhood metabolic
profile. We considered all isomer concentra-
tions with > 65% detectable values (n-PFOA,
n-PFOS, Sm-PFOS; see Table S2).

For penalized spline generalized additive
models, we used R (version 3.0.0; R Project

for Statistical Computing), and for all other
analyses, we used SAS version 9.3 (SAS
Institute Inc.).

Results
Population Characteristics

Median (IQR) maternal age at the time of
prenatal enrollment was 32.5 (7.1) years;
42% of mothers were nulliparous and 64%
were college graduates. Fifty-nine percent of
children were white. At the mid-childhood
follow-up visit [median (IQR) age, 7.7
(1.0) years], median (IQR) leptin was 3.3
(3.9) ng/mL, adiponectin 14.0 (9.7) pg/mL,
and HOMA-IR 1.5 (1.3) (Table 1).

Prenatal PFAS plasma concentrations
in our cohort were typical for U.S. women
during peak production, 1999-2000, and
childhood PFAS plasma concentrations were
similar to concentrations reported in U.S.
children from 2007 through 2008 (CDC
2015) (Table 2). At both time points, highest
concentrations were of PFOS although mid-
childhood concentrations were substantially
lower than prenatal concentrations [PFOS

PFASs and childhood metabolic function

median (25th, 75th percentile) was 24.4
(17.9, 33.9) ng/mL in prenatal plasma and
6.2 (4.2, 9.7) ng/mL in childhood plasma].
Spearman correlations of PFAS concentra-
tions in prenatal plasma were 0.24—0.72 and
in mid-childhood plasma were 0.13-0.78.
Correlations of the same PFASs measured in
prenatal versus mid-childhood plasma were
0.08-0.40 (Table 2).

Mothers with higher PFOA concentra-
tions during pregnancy were more likely
to be younger, nulliparous, less educated,
nonsmokers, to have had blood collection
earlier in pregnancy, and to live in a census
tract with lower percent below poverty, and
their children were more likely to be white
(Table 1). These associations were not
consistent across all PFASs, with a markedly
different pattern of associations for PFNA
in our cohort, as described previously (Sagiv
et al. 2015). Children with higher PFOA
concentrations in mid-childhood were more
likely to live in a census tract with higher
median household income and lower percent
below poverty, to be white and younger, and
to have lower leptin and lower HOMA-IR

Table 1. Participant characteristics overall (n = 665 in analytic data set)? and by prenatal PFOA plasma concentration (n = 536 participants in analytic data set
with measurement of prenatal PFOA) [median (IQR) or %].

Quartiles? of prenatal PFOA

QOverall Q1 (lowest) 02 03 Q4 (highest)
Characteristic n =665 n=151 n=147 n=123 n=115
Maternal characteristics
Age at enrollment (years) 325(7.1) 33.9(6.3) 31.9(6.6) 32.0(7.7) 31.2(7.7)
Prepregnancy BMI (kg/m2) 23.7(5.9) 236(6.4) 23.8(5.3) 23.4(5.7) 24.1(5.9)
Nulliparous (%) 42 23 4 54 62
College graduate (%) 64 71 68 65 59
Smoking habits (%)
Never 69 74 70 66 65
Former 19 18 16 23 23
During pregnancy " 8 14 " 12
Time of prenatal PFAS measurement (weeks gestation)* 9.6(2.1) 9.9(2.1) 9.7(2.6) 9.4(2.1) 9.4(1.9)
Albumin (g/dL) 8.3(2.3) 8.1(22) 79(22) 8.3(2.0) 8.8(2.4)
GFR (mL/min/1.73 m?) 101.9 (46.0) 102.1 (44.8) 107.9(56.2) 97.3(41.5) 99.9 (44.8)
Partner/household/neighborhood characteristics at enrollment
Individual-level household income > $70,000 (%) 61 54 64 66 66
Median household income in census tract ($) 51,798 (28,921) 51,816 (33,732) 51,772 (28,322) 55,625 (27,201) 51,681 (22,681)
Percent below poverty in census tract 7.4(11.8) 9.0(14.1) 7.1(10.8) 6.6 (8.5) 6.6(8.7)
Child characteristics
Female (%) 47 50 42 4 52
Race/ethnicity (%)?
White 59 55 63 67 64
Black 22 25 17 16 17
Hispanic 5 5 5 6 6
Asian 2 1 3 2 0
Other I 13 12 9 12
Age at mid-childhood visit (years) 7.7(1.0) 77(1.1) 7.7(1.1) 7.8(0.9) 7.8(1.0)
Mid-childhood cardiometabolic biomarkers
Leptin (ng/mL) 3.3(3.9) 3.2(3.4) 3.3(4.8) 3.5(3.0) 3.1(5.0)
Adiponectin (ug/mL) 14.0(9.7) 15.0(11.0) 14.0(9.5) 13.9(9.5) 13.8(7.9)
HOMA-IR 1.5(1.3) 1.5(1.1) 16(1.7) 15(1.3) 15(1.5)

Abbreviations: BMI, body mass index; GFR, glomerular filtration rate; HOMA-IR, homeostatic model assessment of insulin resistance; IQR, interquartile range; PFAS, perfluoroalkyl

substances; PFOA, perfluorooctanoate; Q, quartile.

aMissing data for participants overall (n = 665): 4 participants missing maternal prepregnancy BMI and education, 1 maternal smoking status, 160 albumin, 138 GFR, 67 individual-level
household income, 8 census tract variables, 2 race/ethnicity, 6 age at mid-childhood visit, 52 leptin/adiponectin, 106 HOMA-IR.

BPFOA quartile maximum and minimum values: 0.9-4.1 ng/mL for Q1, 4.2-5.8 ng/mL for 02, 5.9-7.9 ng/mL for Q3, and 8.0-22.4 ng/mL for Q4.
°Percent with prenatal PFAS measured in the second trimester: 11% for Q1, 13% for Q2, 9% for Q3, and 2% for Q4.

dMaternal race/ethnicity was substituted in 10% of children whose race/ethnicity was missing.
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(see Table S3). Mothers of children with
higher PFOA concentrations were more likely
to be older and college graduates.

Prenatal PFAS Concentrations and
Mid-Childhood Metabolic Profile

Prenatal PFAS plasma concentrations were
not associated with leptin, adiponectin, or
HOMA-IR in mid-childhood in unadjusted
(data not shown) or covariate-adjusted (Table 3)

imprecise effect estimates for PFHxS and
PENA (Table 4). Notably, HOMA-IR was
monotonically lower across quartiles of PFOS
and PFHxS concentrations, consistently
lower in Q3 and Q4 versus Q1 of PFOA and
PFDeA concentrations, and consistently lower
in Q24 versus Q1 of PFNA concentration.

Covariate-adjusted penalized spline
models of mid-childhood PFAS plasma
concentrations and HOMA-IR were consis-
tent with the quartile results. PFOS and
PFHxS had an inverse dose—response asso-
ciation with HOMA-IR, and higher PFOA,
PFNA, and PFDeA concentrations were

Table 3. Covariate-adjusted? associations of prenatal PFAS concentrations in maternal plasma in early
pregnancy with cardiometabolic biomarkers in mid-childhood (median, 7.7 years of age).

analyses. For example, adjusted effect estimates ] Leptin Adiponectin HOMA-IR
were null for the associations of maternal ~PFAS/quartile n=484 n=484 n=441
PFOA concentrations with mid-childhood PTSF?(B‘S i) 7076 1200 12172 52 07185 84
. 0, . . 0, _ .o ng/m A \=1.0, 14, —1.2=1.Z, 0. —U./ [—d.0, J.

ldeptm (I'Z % {) ?CIS%R;%U?;COT’ 9(15 % conﬁ Q1(0.9-4.1 ng/mL) Reference Reference Reference

cree trelva P /.0, La0), adiponectin g (49 58 pa/ml) 7.3(-11.8,306) ~13.3(-23.6,-1.5)° 8.0(-11.3,31.3)
(1.2%; 95% Cl: 7.2, 5.2), and HOMA-IR  g3(59-7.9 ng/ml) 46(-156,29.7) 21(-148,12.4) 44(-153,28.8)
(-0.7%; 95% CI: -9.8, 9.4) (Table 3). 04 (8.0-22.4 ng/mL) 3.0(-17.4,28.5) —2.4(-15.4,12.6) 3.0(-17.2,28.1)

. . PFQS
Mid-Childhood PFAS ) IR (16.0 ng/mL) ~03(-7.7,76) 11(-38,62) ~06(-82,76)
Concentrations and Metabolic Q1 (4.6-18.8 ng/mL) Reference Reference Reference
Profile Q2 (18.9-25.5 ng/mL) 2.2(-16.1,24.5) 1.3(-10.9,15.2) -12.2(-27.7,6.7)

. . . Q3 (25.7-34.8 ng/mL) 5.1(-15.0,29.9) 0.8(-12.2,15.7) -12.0(-28.6, 8.5)
Mid-childhood PFAS concentrations were 4 (349 168.0 ng/ml) 6.8(-13.8. 32.3) 22(-149,124) 16(-17.9,258)
not associated with leptin or adiponectin  ppya
measured at the same time in unadjusted IQR (0.4 ng/mL) 0.5(-8.8,10.8) —55(-11.3,0.6) 14(-8,11.7)
(data not shown) or adjusted (Table 4) Q1 [< LOD (0.1}-0.40 ng/mL] Reference Reference Reference
analyses, except for consistently lower leptin in 02 (0.50-0.60 ng/m) 216(-09,49.2) 06(-11.9, 14.9) 78(-11.8,31.9)

: PR : 03 (0.70-0.90 ng/mL) 18.6 (4.2, 46.9) —-8.2(-20.1,5.5) 13.1(-8.6,39.8)
dl“ldren in higher quartiles (Q2—4) of PFOA ) /7 o ng/ml) 5.1(~17.6, 34.1) ~13.0(-257,1.9) 29(-19.2,31.1)
plasma concentrations [versus the lowest PFHXS
quartle QD] 10R (2.2 ng/mL -3.1(-75,15) 06(-2.4, 36) ~20(-59,20)

Children with hlgher PFAS concentra- Q1 [<LOD (0.1)-1.6 ng/mL] Reference Reference Reference
tions had lower HOMA-IR with weaker 02 (1.7-2.4 ng/mL) 13.5(-7.3,39) -3.1(~15.1,10.6) -6.7(-23.7,14.2)
associations in covariate-adjusted [e.g., 10.1% 03 (2.5-3.7 ng/mL) 13.8(-7.6,40.2) -3.7(-15.9,10.3) -13.5(-29.6,6.3)
lower HOMA-IR (95% CI: —17.3, —2.3) _04(38-432ng/ml) 28(-16.2, 26) -54(171,8.1) 17.1(-323,16)

per IQR increment in PFOA; Table 4]
versus unadjusted [e.g., 14.7% lower (95%
CI -21.1, -7.8) per IQR increment in
PFOA; data not shown] models. Strongest
covariate-adjusted associations were with
PFDeA [14.7% lower HOMA-IR (95% CI:
-22.1,-6.5) per IQR increment] with weaker,

Estimates are presented as percent change (95% confidence intervals) in outcome for a) concentration quartiles 2-4
versus quartile 1 and b) for each interquartile range increment in concentrations.

Abbreviations: HOMA-IR, homeostatic model assessment of insulin resistance; IQR, interquartile range; LOD, limit of
detection; PFAS, perfluoroalkyl substances; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA,
perfluorooctanoate; PFOS, perfluorooctane sulfonate; Q, quartile.

aModel adjusted for characteristics of child (age, sex, race/ethnicity), mother (age, education, parity, smoking during
pregnancy), neighborhood census tract at enrollment (median household income, percent below poverty), and
pregnancy hemodynamics (time of blood draw in weeks gestation).

bEstimate with 95% confidence intervals that do not cross the null.

Table 2. PFAS plasma concentration distributions and Spearman correlation coefficients for PFAS with > 65% of detectable values.

Prenatal (median, 9.6 weeks gestation)

Mid-childhood (median, 7.7 years)

Exposure PFOA PFOS PFNA PFHXS PFOA PFOS PFNA PFHXS PFDeA
PFAS plasma concentration (ng/mL)
Geometric mean (25th, 75th %ile)  5.3(3.9,7.6) 24.4(17.9,33.9) 06(0509) 25(16,3.8) 42(3.1,6.0 62(4297 17(1.1,23) 22(1.2,34) 03(0.205)
Minimum 09 46 <l0D(0.1) <LOD(0.1) <LOD(0.1) <LOD(0.1) <LOD(0.1) <LOD(0.1) <LOD(0.1)
Maximum 224 168.0 26 43.2 14.3 51.4 25.7 56.8 19
% below LOD 0 0 1.3 0.4 05 05 05 05 12
NHANES geometric mean 4.82 28.07 0.54 1.8 3.9 11.3b 1.2b 2.4b 0.23%
Spearman correlation coefficients
Prenatal
PFOA 1.00
PFOS 0.72 1.00
PFNA 0.56 0.67 1.00
PFHXS 0.55 0.55 0.45 1.00
Mid-childhood
PFOA 0.15 0.10 0.08 0.18 1.00
PFOS 0.09 0.12 0.1 0.14 0.78 1.00
PENA 0.1 0.10 0.08 0.07 0.43 0.34 1.00
PFHXS 0.12 0.12 0.07 0.40 0.59 0.66 013 1.00
PFDeA 0.10 0.13 0.1 0.08 0.69 0.59 0.55 0.34 1.00

Abbreviations: %tile, percentile; LOD: limit of detection; NHANES, U.S. National Health and Nutrition Examination Survey; PFAS, perfluoroalkyl substances; PFDeA, perfluorodecanoate;
PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate.

aNomen 1999-2000 (Calafat et al. 2007; CDC 2015).

b12- t0 19-year-old children 2007-2008 (Calafat et al. 2007; CDC 2015).
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also associated with lower HOMA-IR with
possible thresholds of association. In all cases,
effect estimates were imprecise in the higher
PFAS concentration range where there were
fewer values (see Figure S2).

Effect Modification and
Stratification by Sex

Child sex modified the associations between
prenatal PFHxS concentration and HOMA-IR
[p = 0.04; inverse association for boys and
null for girls (data not shown)] and child-
hood PFOS concentration and HOMA-IR
[p = 0.03; inverse association for girls and null
for boys (see Table S4)]. Additionally, we
observed sex-specific patterns in the associa-
tions between childhood PFAS concentrations
and HOMA-IR in stratified analyses, even in
cases where the interaction term was not signif-
icant. Specifically, childhood PFOA, PFOS,
and PFDeA concentrations were inversely
associated with HOMA-IR in girls with null
associations in boys (see Table S4).

Sensitivity Analyses
When we included all childhood PFAS plasma

concentrations in the same covariate-adjusted
model predicting HOMA-IR, PFDeA was
the only PFAS significantly associated with
HOMA-IR (data not shown). HOMA-IR was
14.5% (95% CI: -24.7, -2.9) lower per IQR
increment in PFDeA.

When we examined the association
between childhood PFAS plasma concentra-
tions and HOMA-IR among only prepubertal
participants [covariate-adjusted 7 = 386;
median age (IQR), 7.6 (0.8) years], adjusted
effect estimates were similar to those for the
full cohort. For example, among prepubertal
participants HOMA-IR was 9.3% (95% CI:
-17.4, -0.5) lower per IQR increment in
PFOA, 9.1% (95% CI: —16.0, —1.8) lower
per IQR increment in PFOS, and 12.4%
(95% CI: -20.8, -3.2) lower per IQR
increment in PFDeA.

Linear and branched isomers of PFOA
and PFOS measured in mid-childhood had
similar patterns of association with mid-
childhood metabolic profile as total concentra-
tions of PFOA and PFOS [i.e., no association
with leptin or adiponectin (data not shown)
and inverse association with HOMA-IR].
HOMA-IR was 11.0% (95% CI: —-18.3, -3.0)
lower per IQR increment in n-PFOA, 9.5%
(95% CI: —-15.8, -2.7) lower per IQR incre-
ment in n-PFOS, and 12.3% (95% CI:
-19.1, =5.0) lower per IQR increment
in Sm-PFOS.

Discussion

In a large, prospective Boston-area cohort, we
found no evidence for an adverse association
of prenatal or mid-childhood PFAS exposure
with metabolic profile in children. Prenatal

Environmental Health Perspectives -

PFAS concentrations in early pregnancy
were not associated with dysmetabolism in
offspring in mid-childhood, and childhood
PFAS concentrations were not contempora-
neously associated with leptin or adiponectin.
In fact, contrary to our @ priori hypothesis,
children with higher plasma concentrations of
PFASs had lower HOMA-IR (i.e., less insulin
resistance), with the strongest associations for
PFDeA and in girls.

Our findings are biologically plausible
given that PFASs may have a combination
of detrimental and beneficial effects on meta-
bolic status. For instance, PFASs are structur-
ally similar to fatty acids, and in vitro, PFASs
increase the expression of genes involved in
fatty acid oxidation (Guruge et al. 2006;
Hu et al. 2005). Up-regulation of fatty acid
oxidation has been postulated to increase
oxidative stress which, in turn, exacerbates
insulin resistance (Karpe et al. 2011). On
the other hand, but also based on their struc-
tural homology to fatty acids, PFASs activate
nuclear PPAR-y (Vanden Heuvel et al. 2006).
Through PPAR-y activation, PFAS exposure

PFASs and childhood metabolic function

could improve insulin sensitivity by triggering
the expression of genes that stimulate free
fatty acid storage and thereby necessitate the
use of glucose rather than fatty acids as a fuel
substrate (Janani and Ranjitha Kumari 2015).
Thiazolidinediones, PPAR-Y agonists used
to treat type 2 diabetes, have been shown to
lower serum insulin even in normal-weight
individuals without diabetes (Yu et al. 2002).
Also, recent cohorts have shown a protec-
tive association between PFAS exposure
and neurocognitive/behavioral dysfunction
(Power et al. 2013; Stein et al. 2013), hypoth-
esized to result from PPAR-y activation,
although other studies (e.g., Hoffman et al.
2010) have shown null or direct associations.
As expected based on these contradictory
mechanistic underpinnings, prior epidemio-
logic analyses have not shown a consistent
association between PFAS exposure and
insulin resistance in adult cohorts. In studies
of the Canadian Health Measures Survey
(Fisher et al. 2013) and U.S. National Health
and Nutrition Examination Survey (Nelson
et al. 2010), PFAS plasma concentrations

Table 4. Covariate-adjusted? associations of mid-childhood PFAS plasma concentrations with cardio-
metabolic biomarkers at the same time (median, 7.7 years of age).

Leptin Adiponectin HOMA-IR
PFAS/quartile n=>584 n="584 n=>541
PFOA
IOR (2.9 ng/mL) -5.0(-12.9,3.6) 1.0(-4.9,7.4) -10.1(-17.3,-2.3)
Q1 [<LOD (0.1)-3.0 ng/mL] Reference Reference Reference
Q2 (3.1-4.3 ng/mL) -17.2(-31.6,0.2) 16.3(1.8,32.9)° —-14.9(-29.4, 2.6)

03 (4.4-6.0 ng/mL)

—233(-37.0,-6.5/

227(6.9,40.8) —27.3(-40.0,-12.0°

Q4 (6.1-14.3 ng/mL) -20.1(-35.1,-1.6) 9.7(-5.1,26.8) -25.3(-38.7,-9.0)
PFOS

IOR (5.5 ng/mL) —5.2(-11.4,1.4) -05(-5.1,4.3) -10.1(-16.4, -3.3)

Q1 [< LOD (0.1}-4.2 ng/mL] Reference Reference Reference

Q2 (4.2-6.2 ng/mlL) 6.6(-11.3,28.1) -1.3(-13.3,12.2) 3.4(-13.6,23.6)

Q3 (6.2-9.7 ng/mL) -4.2(-20.9,16.1) 1.2(-11.5,15.8) —-12.9(-276,4.8)

04 (9.8-51.4 ng/mL) —-17.1(-31.9,0.8) 0.9(-12,15.8) -24.7(-37.8,-8.8)
PFNA

IQR (1.2 ng/mL) 0.8(-2.2,4.0) —2.1(-4.2,0.0) —0.6(-3.6,2.6)

Q1 [< LOD (0.1)-1.0 ng/mL] Reference Reference Reference

Q2 (1.1-1.5 ng/mL) -13.9(-28.1, 3.0 —8.6(-19.3,3.5) -25.0(-37.0,-10.7)

Q3(1.6-2.3 ng/mL) —6.6(-23.2,13.5) 75(-6.1,23.1) —27.1(=39.4,-12.1)%

Q4 (2.4-25.7 ng/mL) -9.0(-24.8,10.1) -9.1(-204,3.7) —25.6(-38.0,-10.7)
PFHXS

IQR (2.2 ng/mL) -0.3(-26,2.2) 0.3(-1.4,1.9) -1.7(-3.8,0.5)

Q1 [<LOD (0.1)-1.1 ng/mL] Reference Reference Reference

Q2 (1.2-1.9 ng/mL) -4.3(-20.3,14.9) —6.5(-17.8,6.2) -5.1(-20.9,13.8)

03 (2.0-3.4 ng/mlL) —-7.5(-23.6,11.9) 43(-8.7,19.1) —6.7(-22.7,12.6)

Q4 (3.5-56.8 ng/mL) —19.4(-33.7,-2.1) 3.4(-98,185) —-16.8(-31.4,0.8)
PFDeA

IQR (0.3 ng/mL) -8.2(-16.6,0.9) 5.1(-1.7,123) -14.7(-22.1,-6.5)

Q1 [< LOD (0.1}-0.2 ng/mL] Reference Reference Reference

02 (> 0.3—<0.4 ng/mL) -9.3(-24.4,88) 6.1(-6.5,20.4) —7.1(-22.1,10.6)

03 (2 0.4-—< 0.5 ng/mL) -8.2(-24.2,11.0) 18.0(3.3,34.7) -31.3(-42.8,-17.5)

04 (0.5-1.9 ng/mL) -10.9(-25.7,6.9) 9.0(-4.0,23.7) -215(-34.0,-6.7)

Estimates are presented as percent change (95% confidence intervals) in outcome for a) concentration quartiles
2-4 versus quartile 1 and b) for each interquartile range increment in concentration. Estimates with 95% confidence

intervals that do not cross the null are bolded.

Abbreviations: HOMA-IR, homeostatic model assessment of insulin resistance; IQR, interquartile range; LOD, limit of
detection; PFAS, perfluoroalkyl substances; PFDeA, perfluorodecanoate; PFHxS, perfluorohexane sulfonate; PFNA,
perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate; Q, quartile.

aModel adjusted for characteristics of child (age, sex, race/ethnicity), mother (age, education), and neighborhood
census tract at mid-childhood (median household income, percent below poverty).

bEstimates with 95% confidence intervals that do not cross the null.
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were not associated with HOMA-IR.
Similarly, in a cohort of ~ 55,000 U.S. adults
with PFOA concentrations above background
due to contaminated drinking water, there
was no association between PFOA concentra-
tions and diabetes, although when restricted
to ~ 14,000 individuals with unchanged resi-
dential water district for > 20 years, higher
PFOA was associated with decreased risk of
diabetes (MacNeil et al. 2009). In two addi-
tional adolescent/adult cohorts (Lin et al.
2009; Lind et al. 2014), there were associa-
tions between some but not all PFASs and
some but not all metabolic end points [e.g.,
association between PFNA, but not 6 other
measured PFASs, and diabetes risk, but not
HOMA-IR (Lind et al. 2014)].

Our study adds to the existing literature by
examining PFAS exposure during fetal devel-
opment and in childhood, life stages during
which individuals are potentially more vulner-
able to environmental insults (Symonds et al.
2009). Although our finding of no adverse
effect of PFASs on metabolic status is in line
with the cross-sectional adult studies, it is
less consistent with the one prior prospective
cohort study of prenatal PFAS exposure and
offspring metabolic health in which higher
maternal PFOA (but not PFOS, PFNA, or
perfluorooctane sulfonamide) concentrations
were associated with higher HOMA-IR,
higher leptin, and lower adiponectin in female,
but not male, offspring at 20 years of age
(Halldorsson et al. 2012). In our cohort, we
also found stronger associations in females, but
associations were inverse and for childhood
rather than prenatal PFAS concentrations.
Individuals who are predisposed to develop
insulin resistance due to male sex (Friend et al.
2013) may do so regardless of any potential
effect of PFASs, although these sex-stratified
findings require replication.

Our findings are also partly inconsistent
with a cross-sectional study of 8- to 10-year-
old Danish children in which PFOA and
PFOS plasma concentrations were associated
with higher HOMA-IR, but not leptin or
adiponectin, in overweight, but not normal-
weight children (Timmermann et al. 2014).
In the present study, we opted not to assess
for effect modification by child weight
because of the possibility that weight is on the
causal pathway and potential for collider bias
(Cole et al. 2010).

We recognize that our finding of an
inverse association between PFAS concen-
trations and insulin resistance in childhood
could be attributable to chance or residual
confounding. We performed a large number of
analyses, and multiple testing could have led to
statistically significant associations by chance,
although consistent patterns in our results
suggests against this possibility. Additionally,
residual negative confounding could have
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occurred by socioeconomic status (SES) which
is directly associated with PFAS concentra-
tions (see Table S3) and inversely associated
with insulin resistance in Project Viva (data
not shown). However, we accounted for
several individual (race/ethnicity, education)
and census-tract (median household income,
percent below poverty) markers of SES in
covariate-adjusted analyses presented here,
and we saw no attenuation of results when
we additionally controlled for individual-level
household income or SES-related behavioral
determinants of metabolic health (fast food
intake, soda intake, physical activity, and
screen time). We also considered the possi-
bility that because insulin resistance increases
during puberty (Vryonidou et al. 2015), an
association between PFAS concentrations
and delayed puberty (Lopez-Espinosa et al.
2011) could have driven the inverse associa-
tion between childhood PFAS concentrations
and HOMA-IR. However, when we restricted
analyses to prepubertal children, effect esti-
mates were similar to those obtained from the
full cohort, suggesting against this possibility.
Additional, well-controlled studies of early-
life PFAS exposure in postpubertal children
and adults will help to confirm the magni-
tude and directionality of the association with
metabolic status.

In our cohort, PFDeA had a stronger
inverse association with HOMA-IR than
concentrations of the other PFASs, in both
individual- and multi-pollutant models.
However, our study was limited based on
our inability to conduct analyses of prenatal
PFDeA due to the large number of plasma
samples with concentrations below the
LOD. In addition, childhood PFDeA plasma
concentration had relatively low variability.
Few human health studies have evalu-
ated PFDeA, and additional research would
increase our understanding of the potential
role of PFDeA on health outcomes. Also, in
our study, plasma concentrations of several
PFASs were nonmonotonically associated with
lower HOMA-IR. Attention to the pattern of
PFAS associations with health outcomes in
future studies would help to elucidate whether
a threshold effect exists.

Generalizability is a limitation of Project
Viva because our cohort consists of primarily
white children of moderately high SES.
Strengths of the study include use of a large,
prospective cohort with multiple potential
confounding variables, measurement of plasma
concentrations of several PFASs at different
time points, and biochemical measures of
metabolic function in childhood.

In summary, we found no evidence for an
adverse effect of early-life PFAS exposure on
metabolic function in mid-childhood. In our
cohort, children with higher PFAS plasma

concentrations had lower insulin resistance.

Although this finding is biologically plausible,
it is in contrast to the existing limited litera-
ture on early-life PFAS exposure and would
benefit from replication.
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